Porphyromonas gingivalis is the major causative agent of periodontitis, and it may also be involved in the development of systemic diseases (atherosclerosis, rheumatoid arthritis). P. gingivalis is found on and within oral and gingival epithelial cells following binding to surface components of host cells, which serve as receptors for the bacterium. Evidence is presented in this study that shows that transglutaminase 2 (TG2) plays a critical role in the adherence of P. gingivalis to host cells. Studies of confocal microscopy indicate colocalization of P. gingivalis with TG2 on the surface of HEp-2 epithelial cells, with clusters of TG2 seen at bacterial attachment sites. By silencing the expression of TG2 with siRNA in HEp-2 cells, P. gingivalis association was greatly diminished. The bacterium does not bind well to a mouse fibroblast cell line that produces low amounts of surface TG2, but binding can be restored by introduction of TG2 expressed on a plasmid. TG2 can form very tight complexes with fibronectin (FN), and the complementary binding sites of the two proteins are known. A synthetic peptide that mimics the main FN-binding sequence of TG2 blocks the formation of TG2-FN complexes and is highly effective in inhibiting adherence of P. gingivalis to host cells. These findings provide evidence of a role for cell-surface TG2 in bacterial attachment and subsequent internalization.
Porphyromonas gingivalis is the major causative agent of periodontitis, and it may also be involved in the development of systemic diseases (atherosclerosis, rheumatoid arthritis). P. gingivalis is found on and within oral and gingival epithelial cells following binding to surface components of host cells, which serve as receptors for the bacterium. Evidence is presented in this study that shows that transglutaminase 2 (TG2) plays a critical role in the adherence of P. gingivalis to host cells. Studies of confocal microscopy indicate colocalization of P. gingivalis with TG2 on the surface of HEp-2 epithelial cells, with clusters of TG2 seen at bacterial attachment sites. By silencing the expression of TG2 with siRNA in HEp-2 cells, P. gingivalis association was greatly diminished. The bacterium does not bind well to a mouse fibroblast cell line that produces low amounts of surface TG2, but binding can be restored by introduction of TG2 expressed on a plasmid. TG2 can form very tight complexes with fibronectin (FN), and the complementary binding sites of the two proteins are known. A synthetic peptide that mimics the main FN-binding sequence of TG2 blocks the formation of TG2-FN complexes and is highly effective in inhibiting adherence of P. gingivalis to host cells. These findings provide evidence of a role for cell-surface TG2 in bacterial attachment and subsequent internalization.
T he Gram-negative oral anaerobe Porphyromonas gingivalis is a major cause of periodontal disease (www.nidcr.nih.gov/ HealthInformation/DiseasesAndConditions/GumPeriodontalDiseases/ PeriodontalDiseases.htm) and perhaps also of major systemic diseases [atherosclerosis and rheumatoid arthritis (1-3)]. The organism colonizes the subgingiva, contributing to a multispecies bacterial community that eventually transforms into a destructive biofilm. The bacterium can induce chronic periodontitis that, if untreated, leads to oral bone loss. Approximately 65 million adults in the United States are affected by some form of the disease (4) .
P. gingivalis binds to several human cell types and is internalized upon attachment; adherence and entry are mediated by bacterial surface structures such as fimbriae (5, 6 ) and gingipain cysteine proteinases (7) (8) (9) . A number of surface components of eukaryotic cells have been suggested to serve as receptors. Binding partners for fimbriae include fibronectin (FN) and its cognate receptor α5β1 integrin (5, 6, (10) (11) (12) . The adhesin domains of arg-gingipain A and lys-gingipain were shown to bind to epithelial cells, and the adhesin peptide A44 of the former has a high affinity for host FN (7, 13) . In addition to integrins and ECM proteins, P. gingivalis interacts with several other receptors (14) (15) (16) . In the present study, we provide evidence that cell surface transglutaminase 2 (TG2) plays an essential role in the interaction of P. gingivalis with host cells. The association of the bacterium with cells appears to depend on TG2 being in a complex with FN.
Results
Recombinant Peptide A44 from Arg-Gingipain Interacts with TG2 from HEp-2 Cells. It is known that the gingipain adhesin fragment A44 binds to and is internalized by HEp-2 cells in a dose-and time-dependent manner (17) . Moreover, A44 can directly bind to host FN (7) . To identify potentially novel binding partners, protein capture with the use of A44 as bait was performed (Materials and Methods). Briefly, His 6 -tagged recombinant A44 (rA44) was incubated with HEp-2 cells and, after cell lysis, rA44 and its interacting ligands were isolated by passage through a Ni 2+ -NTA column. As presented in Fig. 1 , several fractions were analyzed by SDS/PAGE: (i) whole HEp-2 cell extract before incubation with rA44; (ii) rA44 alone; and (iii) Ni 2+ -NTA agarose eluates from lysed HEp-2 cells preincubated with rA44 (Materials and Methods). Western blots revealed that TG2, derived from the HEp-2 epithelial cells, coeluted with the His 6 -tagged rA44 protein. Control eluates from cells incubated without rA44 and passed through the Ni 2+ -NTA column did not contain TG2 ( Fig. 1, "no rA44" ). Eluates were also tested for the presence of FN, but results were inconsistent.
P. gingivalis Colocalizes with TG2 on the Surface of Host Cells. Inasmuch as the findings presented in Fig. 1 implicated host cell TG2 as a binding partner for P. gingivalis adhesin peptide A44, immunofluorescence microscopy was used to further explore the role that TG2 might play in the attachment of the bacterium to cells. P. gingivalis was incubated with HEp-2 epithelial cells for 90 min (Materials and Methods). Cells were then fixed, and externally adherent bacteria were stained with a rabbit antibacterial antibody (anti-RgpA) and anti-rabbit Alexa Fluor A568-labeled secondary antibodies (appear red). TG2 on the surface of HEp-2 cells was detected with mouse anti-TG2 antibody (TG100; Neomarker) and anti-mouse Alexa Fluor 488 (appear green). Draq5 (a nucleic acid dye) was used to visualize the host cell nucleus, and also stains bacterial DNA. Because cells were not permeabilized, internalized bacteria-also stained by Draq5-appear blue. The results illustrated in Fig. 2 show colocalization of P. gingivalis with TG2 on the surface of host cells. The majority of red-labeled bacteria on the surface of HEp-2 cells are surrounded by green-labeled clusters of TG2; their colocalization appears in yellow in the merged image. In Significance Transglutaminase 2 (TG2) is widely distributed inside and outside cells, and is one of a family of nine proteins in the human genome that likely evolved from the papain group of cysteine proteases. Apart from its transamidating activity, TG2 is known to form tight association with fibronectin (FN), a universal component of ECM. New findings presented in our paper demonstrate that the TG2-FN complex mediates the attachment of Porphyromonas gingivalis, an oral bacterium and causative agent of periodontal disease, to the host cell.
control experiments, i.e., without added bacteria, a regular punctate distribution of TG2 was seen over the cell surface, and not the large TG2 assemblies observed when bacteria were present (Fig. 2) .
Silencing TG2 Expression in HEp-2 Cells Prevents P. gingivalis Adherence.
To further prove that TG2 plays a role in P. gingivalis attachment to HEp-2 cells, knockdown of TG2 expression by siRNA was performed. Knockdown of TG2 resulted in an approximate 90% reduction in mRNA levels (Fig. 3A) and essentially complete loss of TG2 protein in Western blots of cell lysates compared with lysates from cells transfected with pSuper empty vector (Fig. 3B) . It was striking that, in association assays with P. gingivalis, only 10% of added bacteria were found in lysates of TG2-knockdown cells compared with empty vector controls (Fig. 3C ).
Adherence of P. gingivalis to Mouse Fibroblasts Is Increased After
Transfection with Human TG2. Typically, the NIH/3T3 mouse fibroblast cell line has a low level of endogenous TG2 activity (18) . It was noted that association of P. gingivalis with NIH/3T3 cells was only approximately 20% of that with HEp-2 epithelial cells (Fig. S1 ). With the use of a transgenic NIH/3T3 cell line with mifepristone-inducible human TG2 expression system (gift from A. Belkin, University of Maryland, College Park, MD), the association of P. gingivalis with NIH/3T3 cells expressing TG2 increased by a factor of ∼3.5 over the "uninduced" or "empty plasmid" control cells (Fig. 4A) . The results in Fig. 4A also show a low level of P. gingivalis association with uninduced NIH/3T3 pGene-TG2 cells compared with empty vector controls, suggesting that the expression of TG2 from the uninduced vector system was somewhat "leaky."
To further document the expression and subcellular localization of TG2 in the NIH/3T3 cell lines, induced and uninduced NIH/3T3 pGene-TG2 cells were harvested, homogenized, and separated by centrifugation into cytoplasmic, membrane, and cytoskeletal fractions (7) . Proteins were separated by SDS/ PAGE, blotted to nitrocellulose, and probed with a mouse anti-TG2 primary, followed by HRP-conjugated anti-mouse secondary antibody (Materials and Methods). Fig. 4B shows that, although all cells containing the pGene-TG2 construct expressed TG2, the concentration of TG2 was much lower in the uninduced cells than in the induced ones. Expression of small amounts of TG2 in the uninduced pGene-TG2 NIH/3T3 cells seems to account for the increased association of P. gingivalis to these cells compared with empty vector control cells. TG2 was present in all subcellular fractions, with the cytoplasmic compartment containing the highest concentration. After induction the amount of TG2 in all protein fractions increased and degradation of TG2 was also noted. This may result from the fact that the increase of TG2 expression correlates with cellular stress response, as evidenced by increased amounts of NF-κB and TGF-β1; overproduction of TG2 protein may cause its degradation (19, 20) .
Confocal microscopy was used to confirm that TG2 was expressed on the surface of mifepristone-induced NIH/3T3 pGene-TG2 cells, and that the protein was responsible for the enhanced binding of P. gingivalis. Surface TG2 was stained with a mouse TG100 antibody followed by an anti-mouse Alexa 488 (green)-labeled secondary antibody. Attached bacteria were detected with rabbit anti-RgpA primary and anti-rabbit Alexa 568 (appears red) as secondary antibody. Host cell nuclei and internalized bacterial DNA (appears blue) were visualized by the Draq5 stain (Materials and Methods). Fig. 4C presents the confocal microscopic image of induced NIH/3T3 cells, in which TG2 can be detected on the cell surface, showing a pattern similar to that seen with HEp-2 cells (Fig. 2) . Furthermore, as in the case of HEp-2 cells, the majority of bacteria colocalized with clusters of green-labeled TG2 (indicated by dashed arrows, Fig. 2A ). Control images with uninduced NIH/3T3 pGene-TG2 cells showed some bacteria attached to the cell surface ( Fig. S2A , arrows), but colocalization with TG2-specific staining (Fig. S2A , dashed arrow) on the cell surface was not detected. However, induced empty vector containing NIH/3T3 cells did not reveal presence of bacteria or TG2 (Fig. S2B) . The results indicate that the surface TG2 of host cells is necessary for adherence of P. gingivalis.
Role of FN in P. gingivalis-Host Cell TG2 Interactions. TG2 has a high affinity for FN (21, 22) , and, because the latter is a confirmed binding partner for P. gingivalis surface structures (7, 11, 12) , we examined whether the TG2-FN connection was essential for the P. gingivalis-host interaction. Formation of the TG2-FN complex, with a stoichiometry of 2TG2:FN, (i.e., 1TG2 per constituent chain of FN), is independent of the catalytic activity of TG2 (21, 23, 24) . The segment, which comprises residues 81-106 of TG2 and is located at the extended hairpin between antiparallel β-strands 5 and 6 of the first domain of this protein, seems to be Fig. 1 . Western Blot analysis from protein-capture assay with His 6 -tagged recombinant A44 (rA44) as the bait protein proves that TG2 is a receptor for P. gingivalis. Lane 1, whole HEp-2 cell extract; lane 2, rA44; lane 3, eluates of cell lysates incubated with rA44 followed by purification with Ni 2+ -NTA agarose. Primary antibodies used are indicated on top of the lanes. Detection of bound antibodies was visualized with HRP-labeled appropriate secondary antibodies and enhanced chemiluminescence substrate. Ni 2+ -NTA eluates from lysates without rA44 ("no rA44") did not contain His 6 -tagged protein or TG2. Fig. 2 . Confocal microscopy shows a colocalization of P. gingivalis with TG2 on the surface of HEp-2 epithelial cells. (A) The nucleic acid dye Draq5 was used to stain host nuclei and bacteria (blue, arrows indicate some of the internalized bacteria). TG2 was visualized by using a monoclonal anti-TG2 antibody (TG100; Neomarker) and Alexa 488-labeled secondary anti-mouse antibody (green). P. gingivalis was detected with anti-RgpA as the primary and anti-rabbit Alexa 568 as the secondary antibody (red). Note the clustering of TG2 in green at the sites of attachment of P. gingivalis in red (dashed arrows). (Scale bars: 4.47 μm.) (B) Same as A without bacteria (merged image only). (Scale bar: 6.75 μm.) the main site for binding to FN (18, 22) . A synthetic peptide with sequence 88 WTATVVDQQDCTLSLQLTT 106 from TG2 inhibits the TG2-FN interaction (18) . Addition of the peptide (P3) blocks the binding of TG2 to FN by approximately 80% at a concentration of 100 μM (18) . As shown in Fig. 5 , when peptide P3 was added to HEp-2 cells-just before exposure to P. gingivalis in association assays-at 1 μM and 10 μM concentrations, the attachment of P. gingivalis to host cells was reduced by 25% and 55%, respectively. At the highest concentration of 100 μM of peptide P3, the association of P. gingivalis was almost totally inhibited (by 95%), whereas, with 100 μM of the scrambled version of the peptide (P3s, TLQDSWTCAVTQTVLTQDL), only a 20% reduction was observed. Discussion P. gingivalis is found in close contact with the subgingival epithelium of the periodontal pocket (25) . The adherence of P. gingivalis to epithelial cells, the first step in colonization, is important for disease development. Attachment to the host cell membrane is mediated by noncovalent interactions of ligands from the infecting organism with receptor targets on the surface of host cells. Eukaryotic cell surface receptors identified in P. gingivalis-host interactions include ECM proteins and integrins (26) (27) (28) (29) . Direct binding of recombinant FimA, the subunit of P. gingivalis fimbriae, to α5β1 integrin has been reported (6, 30) .
When HEp-2 cell extracts were incubated with a His 6 -tagged peptide of the adhesion domain of arg-gingipain (rA44) of the bacterium, protein association pull-down assay revealed binding of the rA44 bait to surface TG2, a hitherto unrecognized target for the landing of P. gingivalis-or, for that matter, of any bacterium-on cells (Fig. 1) . TG2 is a member of a family of nine proteins in the human genome, which probably evolved from the papain family of cysteine proteases (reviewed in refs. 31-33). All except one (human red cell membrane protein 4.2, an ATP-ase) are known mainly for their transamidase activities, including the posttranslational cross-linking of protein substrates by N e (γ-glutamyl) lysine side-chain bridges. The transamidating activity of TG2 is allosterically and inversely regulated by Ca 2+ ions and GDP. The latent enzyme is widely distributed in many cell types in which most of the protein is localized in the cytoplasm (80%), but it is also found in the nuclear membrane (5%), plasma membrane, and ECM of cells (10-15%) (32, 34) . TG2 is known to undergo translocation to the plasma membrane and is deposited in the ECM by a nonclassical secretory mechanism, a process that depends on the intact N-terminal β-sandwich domain and on association of TG2 with integrins (22, 35, 36) . In addition to and independent of its catalytic activity, TG2 can form very tight binary and higher-order complexes with FN [with a stoichiometry of 2TG2:1FN; i.e., one TG2 per each constituent chain of FN (21, 23, 24) ]. FN was detected only in eluates of HEp-2 lysates incubated with rA44; however, the results were inconsistent, probably because only soluble fractions were applied to the Ni 2+ -NTA columns, and, after cell lysis, FN might still be bound to the insoluble ECM fraction.
Based on these results from protein-capture assays, the possible role of TG2 in P. gingivalis attachment to host cells was explored in greater detail. Immunofluorescence microscopy showed an evenly punctate distribution of TG2 on the surface of HEp-2 epithelial cells (Fig. 2) ; however, this pattern changed remarkably in the presence of P. gingivalis. At the foci where P. gingivalis attached to the cell surface, the bacteria were surrounded by clusters of TG2 on the host cell (Fig. 2, merged  image) . The pattern was consistent with a wide distribution of unoccupied receptors over the cell surface and the clustering of ligand-bound receptors. That TG2 is necessary for the successful interaction of P. gingivalis with host cells was confirmed by creating a TG2 knockdown (TG2-KO) cell line in HEp-2 cells by using siRNA (Fig. 3 A and B) . P. gingivalis was no longer able to interact with these cells (Fig. 3C) . These data strengthen the idea that TG2 was essential for the adherence of P. gingivalis to host cells.
Findings were different with the NIH/3T3 mouse fibroblast cell line, which expresses only low amounts of TG2 (18) . It has been reported that this cell line is susceptible to the dipeptidyl aminopeptidase IV of P. gingivalis strain W83, which interferes with the attachment of the fibroblast cells to FN (37) . However, in our experiments, fibroblast cells were seeded before infection, and no loss of cells during incubation with P. gingivalis was observed. Therefore, the lower P. gingivalis numbers detected in the cell lysates can be attributed to a reduced association of the bacteria with NIH/3T3 cells and not to lower host cell numbers in wells (Fig. S1) . Remarkably, when the expression of TG2 was boosted, P. gingivalis association with the NIH/3T3 cells overexpressing human TG2 was almost four times higher than with cells containing empty plasmid vectors (Fig. 4A) . According to the Western blots of cytoplasmic, membrane, and cytoskeletal protein fractions of NIH/3T3 pGene-TG2 cells, TG2 is transported from the cytoplasm to different parts of the cell (Fig. 4B) . The interaction of P. gingivalis with transiently expressed TG2 was also confirmed by confocal overlay, on which bacteria (shown in red) colocalized with TG2 (shown in green) on the surface of NIH/3T3 pGene-TG2 cells (Fig. 4C) . Overall, these findings indicate that the efficiency of infection depends on a proper matchup of interacting partners between the bacterium and host cell receptors.
After externalization, TG2 becomes tightly bound to the ECM on cell surfaces, where it has a high affinity for FN (38) . The TG2-binding site in FN, which comprises motifs I 6 -II 1 -II 2 -I 7 -I 8 -I 9 , is located within the known collagen/gelatin-binding domain of the protein; both of these can bind independently to it, forming stable ternary complexes of TG2-FN-collagen/gelatin (21, 24, 39) . Moreover, as TG2 also binds to the β1, β3, and β5 subunits of integrins, TG2 would promote the interaction between the cell surface and the ECM (36, 40) . A major recognition sequence for FN in the TG2 molecule is located within the antiparallel β-strands 5 and 6 of the first domain of the protein (18, 39) and a synthetic peptide, representing the 88 WTATVVD-QQDCTLSLQLTT 106 (P3) sequence of TG2, can compete efficiently against complex formation between TG2 and FN (18) .
The synthetic peptide P3 was used in association assays with P. gingivalis at a concentration that, in vitro, prevents the binding of TG2 to FN (18) . As shown in Fig. 5 , interaction of bacteria with host cells could be abolished by P3, whereas a scrambled version of the peptide (i.e., P3s) had only a small effect. The finding indicates that the intact TG2-FN complex on the surface of host cells is essential for adherence of the bacterium. Future research will be needed to decide whether this concept reflected in the results in Fig. 5 might apply to bacterial adherence in general, or only to the specific case of P. gingivalis.
Bacteria use a variety of noncovalent interactions for cell adhesion and invasion, ranging from specific ligand-receptor pairs (41) to multiprotein, macromolecular assemblies (reviewed in ref. 42 ). Surface receptors identified thus far for adherence of P. gingivalis to host cells include FN and integrins (26) (27) (28) (29) . The findings presented in this study provide evidence that the cell surface TG2 plays an essential role in the interaction of P. gingivalis with host cells. TG2 may aid in the interactions of the bacteria with extracellular matrix proteins, leading to adherence. This is supported by data in the present study showing that the FN-TG2 connection is crucial for bacterial attachment. Bacterial binding via TG2 to integrins and FN could also provide a potential pathway for internalization by host cells.
The findings of the present study indicate that host cell TG2 is a key mediator in P. gingivalis infection. Mounting evidence links periodontitis to heart disease (43), the leading cause of mortality in the United States, and our current efforts are directed to investigating the susceptibility of TG2-KO mice to P. gingivalisinduced periodontitis.
Materials and Methods
Bacterial Strains, Cell Culture, Chemicals, and Antibodies. HEp-2 epithelial cells were cultured as described previously (7) . Based on karyotyping, the HEp-2 cell line has been reclassified as HeLa (44) . Both cell lines have been used extensively to study host-bacterial interactions, including those with P. gingivalis (5, 9, 45, 46) , and, in the present study, we used HEp-2 cells to maintain consistency with previous work (7, 17) . The mouse NIH/3T3 fibroblast cell line was purchased from the American Type Culture Collection (ATCC) and cultivated in DMEM supplemented with 10% FCS. P. gingivalis strain ATCC 33277 is fimbriated and has high gingipain activity; both virulence factors are required for successful attachment and internalization (47) (48) (49) . P. gingivalis was cultured as described previously (7). Unless specifically stated, all chemicals were purchased from 
Protein Capture Assay. Approximately 10
7 HEp-2 epithelial cells grown in 5 mL DMEM (+10% FCS) were incubated at 37°C, 5% CO 2 , for 1 h with 2 μg/mL recombinant his-tagged A44 (rA44), then washed three times with PBS solution (pH 7.2), and collected in 1.5 mL centrifuge tubes. Cells were lysed with 1% (vol/vol) saponin buffer containing 50 mM Tris·HCl (pH 7.5), 1 mM PMSF, and 0.5% (vol/vol) Triton X-100. After 5 min incubation on ice, the samples were centrifuged for 15 min, 4°C, 16,000 × g, and supernatants were incubated overnight with prewashed and equilibrated Ni 2+ NTA agarose (Qiagen) in an end-over-end rotator. Tubes were centrifuged (5 min, 4°C, 3,000 × g) and washed 10 times with 50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole (pH 8.0) to remove unbound proteins. Peptide A44 and bound proteins were eluted with 100 μL 50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole (pH 8.0). The eluates were analyzed by SDS/PAGE, blotted onto nitrocellulose, and probed with antibodies for His-tag (Amersham) or TG2 (TG100; Neomarker); appropriate HRP-labeled secondary antibodies were used and detection of bound antibodies was carried out with an enhanced chemiluminescence kit (Millipore) and visualized by exposure to film.
Adherence of P. gingivalis to Host Cells. The adherence of P. gingivalis ATCC 33277 to HEp-2 epithelial and NIH/3T3 fibroblast cells was measured as described previously (7) . Briefly, HEp-2 or NIH/3T3 cell lines were seeded to 24-well tissue culture plates (∼4 × 10 5 cells per well) and cultivated overnight in DMEM supplemented with 10% FCS. After replacement with fresh medium, the monolayers were infected with P. gingivalis (multiplicity of infection ∼ 100:1) and incubated for 90 min in 5% CO 2 . In all experiments, infected wells were washed three times with PBS solution to remove unbound bacteria, and cells were detached with 20 μL trypsin/EDTA and lysed with 100 μL distilled water. Relative numbers of P. gingivalis were measured by quantitative PCR (QPCR) by using P. gingivalis-specific 16S rDNA primers. For QPCR, each infected lysate (1 μL) was used to quantify P. gingivalis chromosomal DNA in 20 μL iQSYBR green reaction mix according to the manufacturer's instructions (Bio-Rad). Real-time cycling conditions were as follows: 3 min, 95°C, initial activation step; followed by 50 cycles at 95°C, 15s; and annealingelongation at 60°C, 15 s, in an iCycler (Bio-Rad). Melting curve analyses to confirm the formation of a single PCR product were carried out as follows: 95°C for 1 min, 55°C for 1 min, and 55°C to 95°C with a heating rate of 0.5°C per 10 s. A sequence specific standard curve was generated by using 10-fold serial dilutions (10 0 -10
) of P. gingivalis genomic DNA prepared from the same number of bacteria as added to wells in the infection assays. The relative amount of P. gingivalis DNA from each infection lysate was extrapolated from the DNA standard curve. Each experiment was carried out in triplicate, and the data were obtained from at least three independent experiments.
In certain experiments, cells were preincubated with P3 and P3s for 90 min, and assays were performed in the presence of peptides. Associated bacteria were quantified as described earlier.
Generation of TG2-Knock-Down Cells. To knock down TG2 expression in HEp-2 epithelial cells, oligonucleotides (64mers) with the target sequence 5′-GGCCCGTTTTCCACTAAGA-3′ (Integrated DNA Technologies) were used. Oligonucleotide annealing, cloning into pSuper, and transfection into cells were as described previously (7) . Expression of TG2 and internal control β-globin mRNA in experimental (i.e., knockdown) and control cells was quantified by quantitative real time (QRT)-PCR by using TG2 (5′-ctgagcaccaagtacgatgc-′3 and 5′-ggacccctctgggtatttgt-′3) and β-globin (5′-tcaggatccacgtgcttgtca-′3 and 5′-tacccttggacccagaggttctttga-3′) specific primers. Briefly, RNA (0.5 μg) from transfected cells was added to a reaction mix containing 1 μL forward primer (10 μM stock), 1 μL reverse primer (10 μM stock), 10 μL 2 × SYBR Green RT-PCR mix, and 0.5 μL iScript RT for one-step RT-PCR (Bio-Rad), and adjusted to 20 μL total volume with water. Reactions were run in an iCycler under the following conditions: 10 min at 50°C for cDNA synthesis followed by 10 min at 95°C to inactivate the iScript RT reaction; 50 cycles each of denaturation at 95°C, 15s, annealing at 55°C, 15 s, and elongation at 72°C, 1 min. Expression ratios were calculated according to the method of Pfaffl (51) for relative quantification by using β-globin values as internal control.
TG2 protein production was assessed by Western blot by using anti-TG2 primary antibodies (TG100; Neomarker) and anti-rabbit-HRP secondary antibody as described later. Association assays were performed as described earlier.
Induction of TG2-Overexpressing Cell Lines. The pSwitch/pGene and pSwitch/ pGene-TG2 containing cell lines in NIH/3T3 fibroblasts were gifts from A. Belkin (University of Maryland, College Park, MD). The cells were cultivated in DMEM (+10% FCS) containing 100 μg/mL each of Zeocin and Hygromycin B (Invitrogen) for plasmid selection. Twenty-four hours before an experiment, cells were treated with mifepristone (10 −10 M) to induce the GeneSwitch system. Control wells were left untreated. Association assays were performed as described earlier.
Protein Isolation and Western Blot. To confirm expression of human TG2, NIH/ 3T3 pSwitch/pGene-TG2 cells were induced with mifepristone for 24 h and fractionated as described previously (7). Uninduced NIH/3T3 pSwitch/pGene-TG2 cells were used as a control. Briefly, cells were lysed in 1% saponin buffer [in 50 mM Tris·HCl (pH 7.5), 1 mM PMSF] for 5 min on ice. Supernatants obtained after centrifugation (5 min, 16,000 × g, room temperature) were designated cytoplasmic fraction and the pellet was washed once in the same buffer to remove residual cytoplasmic proteins. Membrane proteins were extracted by resuspending the pellet in saponin buffer containing 0.5% Triton X-100. After a centrifugation step, membrane proteins are in the supernatant and cytoskeletal proteins (triton-insoluble fraction, including membrane skeletal and nuclear skeletal proteins) remain in the pellet. Proteins were resolved by SDS/PAGE and transferred to nitrocellulose. Membranes were blocked overnight with 5% milk in Tris-buffered saline solution containing 0.1% Tween 20, and, after three wash steps, the first antibody was added (TG100, 1:500 dilution in Tris-buffered saline solution containing 0.1% Tween 20 with 5% milk). After washing to remove unbound antibody, membranes were incubated with HRP-labeled anti-mouse antibody (QED Bioscience) and visualized by using an enhanced chemiluminescence detection kit (Millipore) according to the manufacturer's instructions.
Confocal Laser Scanning Microscopy. For colocalization studies using immunofluorescence, cells were seeded on coverslips in 24-well plates overnight in DMEM containing 10% FCS. P. gingivalis 33277 (multiplicity of infection, 100:1) was added followed by a 45-min incubation at 37°C. Cells were washed three times with PBS solution, then fixed with 3% (vol/vol) paraformaldehyde and 4% (vol/vol) glutaraldehyde in PBS solution at room temperature. Cells were washed twice with PBS solution, and extracellular bacteria were stained with primary anti-RgpA antibodies (1:1,000 dilution in PBS solution) and extracellular TG2 with TG100 antibody (1:100 dilution in PBS solution) for 45 min at room temperature. Wells were washed three times with PBS solution and similarly incubated with anti-rabbit-A568 (Invitrogen) to detect P. gingivalis (appears red) and anti-mouse-A488 (Invitrogen) to detect TG2 (appears green). Wells were washed three times with PBS solution, and Draq5 (1:1,000 in PBS solution) was added for 5 min to detect host cell nuclei and intracellular bacteria. Control wells contained cells alone. After two rinses with PBS solution, samples were analyzed in a Leica TCS SP2 confocal microscope (Leica Microsystems). NIH/3T3 pSwitch/ pGene-TG2 cells were prepared similarly for confocal imaging except for the 24-h incubation with mifepristone (10 −10 M) to induce TG2 expression before the addition of P. gingivalis. As a control, uninduced NIH/3T3 pGene-TG2 and induced NIH/3T3 empty vector cells were incubated and analyzed as described earlier. and a scrambled version, P3s, were synthesized in ammonium acetate at Neobiosciences to 98% purity (18) . Peptides were preincubated for 90 min with HEp-2 cells at different concentrations in DMEM (+10% FCS).
